Manifestation of finite temperature size effects in nanogranular magnetic graphite 
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In addition to the double phase transition (with the Curie temperatures Tc = 300K and Tct = 
144if), a low-temperature anomaly in the dependence of the magnetization is observed in the bulk 
magnetic graphite (with an average granular size of L ~ lOnm), which is attributed to manifestation 
of the size effects below the quantum temperature Tl oc h 2 /L 2 and is well fitted by the periodic 
function M L (T) oc sin[M(T)A(T)/L] with M(T) being the bulk magnetization and A(T) oc h/VT 
the thermal de Broglie wavelength. The best fits of the high-temperature data (using the mean-field 
Curie- Weiss and Bloch expressions) produced reasonable estimates for the model parameters, such as 
defects mediated effective spin exchange energy J ~ 12meV (which defines the intragranular Curie 
temperature Tc) and proximity mediated interactions between neighboring grains (through potential 
barriers U created by thin layers of non-magnetic graphite) with energy J t = exp(— d/£) J — 5.8meV 
(which defines the intergranular Curie temperature Tct) with d ~ 1.5nm and £ oc h/VU ~ 2nm 
being the intergranular distance and characteristic length, respectively. 

PACS numbers: 75.50.Dd, 78.70.2g, 81.05.Uw 
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Recent advances in developing nanographitic systems 
re- kindled interest in their nontrivial magnetic and trans- 
port properties important for numerous applications (for 
recent reviews, see, e.g., [l|, 0, H[ and further references 
therein). Special attention has been paid to the prop- 
erties mediated by various defect structures (including 
pores, edges of the planes, chemically induced vacancies, 
dislocations, tracks produced by particle irradiation, etc) 
believed to be responsible for room-temperature ferro- 
magnetism based on (super) exchange between localized 
spins at defect sites. The existence of sufficiently ro- 
bust ferromagnetic (FM) like magnetization loops has 
been successfully proved in highly-oriented pyrolytic 
graphite (HOPG) proton-irradiated graphite [5j , 
nanographite @, graphite containing topographic de- 
fects [7|, negative curvature Schwarzite-like carbon 
nanofoams Q , fullerene-related carbons Q , microporous 
carbon [lo| . and carbon nanohorns fill. Recently, some 
interesting results have been reported [l2| regarding un- 
usual magnetic properties of Ag nanoparticles encap- 
sulated in carbon nanospheres (with ~ lOnm diame- 
ter) interconnected in necklace-like structures which have 
a tremendous potential for applications in electronics, 
biotechnology and medicine. 

In this paper, we report our latest results on the 
temperature dependence of the magnetization in bulk 
room-temperature magnetic graphite (MG) with an av- 
erage grain size of L ~ lOnm. Several interesting fea- 
tures have been observed in our MG samples, including 
(i) the double transition with the Curie temperatures 
T c = 300K and T ct = 144A" attributed, respectively, 
to the manifestation of the intragranular M p (T) and in- 



tergranular M t (T) contributions to bulk magnetization 
M(T), and (ii) a low-temperature anomaly in the depen- 
dence of M(T), attributed to manifestation of the finite 
temperature size effects below the quantum temperature 
T L cx h 2 /L 2 . 

Our MG samples were produced by a vapor phase re- 
dox controlled reaction in closed nitrogen atmosphere 
with addition of copper oxide using synthetic graphite 
powder (more details regarding the patented chemi- 
cal route for synthesis of the discussed here magnetic 
graphite can be found elsewhere [IH, [HI)- To avoid 
presence of any kind of FM impurity, we have care- 
fully determined the chemical purity of the samples with 
atomic absorption spectroscopy (AAS) using a Shimadzu 
A/16800 spectrometer and checked these results with X- 
ray fluorescence analysis (XRF) and energy dispersive 
spectroscopy (EDS), comparing the results obtained for 
the pristine (non-magnetic) and the modified (magnetic) 
graphite. The structure of MG samples has been verified 
by Raman spectroscopy, X-ray diffraction (XRD) and 
scanning electron microscopy (SEM). These studies were 
performed using Seifert Scintag PAD-II powder diffrac- 
tometer, with CuKa radiation (A = 1.5418A) and Jeol 
JSM 5900LV microscope, respectively. In addition to 
the broader (as compared with the pristine non-magnetic 
graphite) peak at 1580cm -1 , corresponding to chemically 
modified magnetic graphite, our micro Raman analysis 
shows the appearance of a new peak at 1350cm -1 (known 
as the disordered D band) in the MG sample. In turn, 
the XRD profiles revealed that the peaks of the magnetic 
graphite for (002) and (004) reflections are wider and 
asymmetric, with a visible compression of c-axis (due to 



chemically induced defects in the MG structure) that fa- 
cilitates bringing the graphene layers closer to each other 
(thus further enhancing FM properties of the sample). 
To verify the correlation between the microstructural fea- 
tures (topography) and the presence of magnetic regions 
in MG sample, we also used the atomic force (AFM) 
and magnetic force (MFM) microscopy. The comparison 
of the obtained AFM and MFM 3D images (along with 
the corresponding SEM images) revealed that our MG 
sample is a rather dense agglomeration of spherical par- 
ticles (with diameters of L ~ lOnm) coated by thin lay- 
ers of non-reacted pristine (non-magnetic) graphite (with 
thickness of d ~ 1 — 2nm), producing both intra- and in- 
ter granular magnetic response. 

The magnetization measurements were done using a 
MPMS-5T Quantum Design magnetometer. Both zero- 
field cooled (ZFC) and field-cooled (FC) M ~ T cycles 
were measured. From the M — H hysteresis loop for 
MG sample (with mass OAmg) taken at T — 295K 
and after subtracting diamagnetic background (equiva- 
lent to 1.2 x 10~ 3 hb per carbon atom), we deduced M s = 
0.25emu/g, M r = OMemu/g and H c = 35O0e for the 
room-temperature values of saturation magnetization, 
remnant magnetization and coercive field, respectively. 
The temperature behavior of the normalized ZFC magne- 
tization M(T)/M(T p ) in our MG sample (taken at H = 
IkOe) is shown in Fig.l after subtracting the diamagnetic 
and paramagnetic contributions (T p = 0.16X"c = 4&K 
is the temperature where M(T) has a maximum with 
the absolute value of M(T p ) = 0.12emu/ g). First of 
all, notice that there are two distinctive regions, be- 
low and above the peak temperature T p . Namely, be- 
low T p there is a well-defined low-temperature minimum 
(around T m = 0.05T C = 15K), while for T > T p we have 
a crossover region (near To = 0.38Tc = 114K) indicating 
the presence of a double phase transition in our sample. 
More precisely, in addition to the phase with the Curie 
temperature Tc — 300K, there is a second transition 
with T ct = 0.48T C = 14AK. 

Let us begin our discussion with the high-temperature 
region (above T p ). By attributing Tc and Tct to the 
manifestation of the intrinsic M p and extrinsic (inter- 
granular) M t contributions to the observed magnetiza- 
tion M(T), respectively, we were able to successfully fit 
our data using the following expressions: 



M(T) = M p (T) + M t {T) 
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FIG. 1: The temperature dependence of the normalized mag- 
netization M(T) of magnetic graphite. The solid lines are the 
best fits according to Eqs.(l)-(4). 
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The first terms in the rhs of Eqs.(2) and (3) present ana- 
lytical (approximate) solution of the Curie- Weiss mean- 
field equation for spontaneous mag netization valid for 
all temperatures (see, e.g., [H, Il6l|h while the second 



terms account for the Bloch (magnon) contributions [17 1 . 
The solid lines in Fig.l present the best fits for high- 
temperature region (T > T p ) according to Eqs.(l)-(3) 
with the following set of parameters (in terms of the ex- 
perimental value of the total magnetization M(T P ) = 
0.l2emu/g): M sp = 0.59M(T P ), M rnp = 0.11M(T P ), 
T c = 300K, M st = 0.29M(T P ), M mt = 0.05M(T P ), and 
Tct = 14AK. Notice that the above estimates suggest 
quite a significant contribution from the intergranular in- 
teractions (M t ~ 0.5M P ). 

To better understand the origin of the model param- 
eters, recall that, according to recent theoretical analy- 
sis [1, [HI, [HI , the room-temperature FM in graphite is 
most likely due to superexchange mediated by the two 
different sites in the graphite lattice leading to a FM 
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coupling between localized spins S at the defect sites 
with an effective exchange energy J, related to the in- 
tragranular Curie temperature Tq = S(S + l)zJ /3kg 
(here z is the number of nearest neighbors). As is well- 
known, graphite is made of two-dimensional layers in 
which each carbon is covalently bonded to three other 
carbons. Atoms in other layers are much further away 
and are not nearest neighbors, so the coordination num- 
ber of a carbon atom in graphite is z — 3. Using S = 1/2 
and the experimentally found Tq = 300A, we obtain 
J ~ 12meV for a reasonable estimate 0, [l8[ of the de- 
fects mediated spin exchange coupling energy (responsi- 
ble for the intragranular contribution M p {T)). Besides, 
within this scenario, the deduced from our M — H hys- 
teresis loops value of the room-temperature saturation 
magnetization M s — 0.25emu/ g corresponds to defect 
concentration of ~ 600ppm, which is within the r ang e re- 
ported for nanographite-based carbon materials [19(] and 
is high enough to account for the observed strong FM 
like response. 

At the same time, given the above-discussed chemi- 
cally modified nanogranular structure in our sample, it 
is quite reasonable to assume that the second transition 
with Tct — 144A (responsible for the intergranular con- 
tribution M t (T)) is related to the proximity mediated 
tunneling of the delocalized spins between neighboring 
grains (through potential barriers U created by thin lay- 
ers of pristine non-magnetic graphite) with the probabil- 
ity Jt = exp(— ei/£)J. Here, d is the distance between 
adjacent particles and £ = h/\/2m*U is a characteris- 
tic length with to* being the effective mass. Accord- 
ing to this scenario, the intergranular Curie tempera- 
ture Tct is related to its intragranular counterpart as 
Tct = 6xp(— d/£)Tc- Furthermore, by correlating the 
crossover temperature T = 0.38Tc with the value of the 
intergranular barrier U ~ ksT®, we obtain U ~ 8meV for 
its estimate (assuming free electron mass for to*) which, 
in turn, brings about £ ~ 2nm for an estimate of the char- 
acteristic length. Moreover, using the found values of the 
Curie temperatures (T c = 300 AT and T ct = 144 A), we 
obtain d ~ 1.5nm as a reasonable estimate for an av- 
erage thickness of non-magnetic graphite layer between 
magnetic particles in our MG sample. It is also inter- 
esting to observe that, given the above obtained value 
for the tunneling exponent exp(— d/£) ~ 0.48, the rela- 
tions between the intra- and intergranular fitting param- 
eters, M st = 0A9M sp and M mt = 0A7M ms , are in good 
agreement with the proximity mediated scenario, assum- 
ing M st = exp(-d/£)M sp and M mt = exp(-d/£)M ms 
for the Curie- Weiss and Bloch magnetizations. 

Let us turn now to the low-temperature region (T < 
T p ) and discuss the origin of the observed minimum of 
magnetization near T m = 0.05Tc- We will show that 
this anomaly can be attributed to the quantum size ef- 
fect. Recall that the finite temperature quantum effects 
manifest themselves for the size of the system L < A(T) 
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FIG. 2: The dependence of the oscillations minima n on re- 
duced temperature T m /Tc for different values of the particle 
size L related quantum temperature Tl, according to Eqs.(l)- 
(4). 



(where A(T) = J 2irh 2 /m*k B T is the thermal de Broglie 
wavelength) or, alternatively, for temperatures T < Tl 
(where Tl = 2nh 2 /m*kBL 2 is the quantum tempera- 
ture). Using L ~ lOnrn for an average size of the single 
particle in our samples (and assuming free electron mass 
for to*), we get Tl = 0.15Tb = 45A for the onset tem- 
perature below which the manifestation of quantum size 
effects is expected (notice that Tl is very close to the peak 
temperature T p — 0.16Tc). To fit the low-temperature 
experimental data, we assume the following normalized 
(to the peak temperature T p ) periodic dependence of the 
finite-size magnetization: 



M L (T) 
M L (T p ) 



L 



A(T) 



M(T) 



M(T p ) 



A(T) 
L 



(4) 



where M(T) is the above-considered total bulk magne- 
tization (thus we assume that quantum effects will in- 
fluence both intra- and intergrain properties). It can 
be easily verified that Eq.(4) reduces to M(T) when 
the quantum effects become negligible. More precisely, 
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M(T)/M(T P ) = ]hn L>K{T) [M L {T)/M L {T p )). The best 
fit of the low-temperature region (T < T p ) using Eqs.(l)- 
(4) is shown by thick solid line in Fig.l. Notice also 
that, for a given temperature, the above periodic function 
Ml (T) has minima at T = T m where T m is the solution of 
the following equation, M(T m )k(T m ) = iz{n + l)M{T p )L 
with n — 0,1,2,... being the number of the oscillation 
minima. Using the explicit temperature dependencies of 
the total bulk magnetization M(T) (given by Eqs.(l)- 
(3)) and the previously defined thermal de Broglie wave- 
length A(T), in Fig. 2 we depict the solution of the above 
equation as the dependence of the quantization minima 
n on reduced temperature T m /Tc for different values of 
the particle size L (in terms of the quantum temper- 
ature Tl cx h 2 /L 2 ). As it is clearly seen in this pic- 
ture, the smaller the particle size (hence, the larger the 
quantization temperature Tl), the more finite size re- 
lated oscillations (minima) should be observed in the 
temperature dependence of the magnetization Ml(T). 
For example, in our particular case (with L — lOnm 
and Tl — 0.15Tc) only "ground state" minimum (cor- 
responding to n — 0) is expected to be visible at non- 
zero temperature T rn — 0.05Tc = 15AT, in agreement 
with the observations (see Fig.l). And finally, it should 
be mentioned that a similar magnetization peak around 
50K has been also observed in carbon nanohorns 
and carbon nanosphere powder [l2T ] , where its origin was 
attributed to adsorbed oxygen and first-order spin reori- 
entation transition, respectively. 

In summary, some interesting experimental results re- 
lated to low- and high-temperature features of the zero- 
field-cooled magnetization in bulk magnetic graphite 
have been presented and discussed. The proposed theo- 
retical interpretation for intragranular and intergranular 
contributions was based, respectively, on superexchange 
interaction between defects induced localized spins in a 
single grain and proximity mediated interaction between 
grains (through the barriers created by thin layers of non- 
magnetic graphite). 
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